Clostridium perfringens is a Gram-positive anaerobic spore-forming bacterium that causes life-threatening gas gangrene and mild enterotoxaemia in humans, although it colonizes as normal intestinal flora of humans and animals. The organism is known to produce a variety of toxins and enzymes that are responsible for the severe myonecrotic lesions. Here we report the complete 3,031,430-bp sequence of C. perfringens strain 13 that comprises 2,660 protein coding regions and 10 rRNA genes, showing pronounced low overall G ؉ C content (28.6%). The genome contains typical anaerobic fermentation enzymes leading to gas production but no enzymes for the tricarboxylic acid cycle or respiratory chain. Various saccharolytic enzymes were found, but many enzymes for amino acid biosynthesis were lacking in the genome. Twenty genes were newly identified as putative virulence factors of C. perfringens, and we found a total of five hyaluronidase genes that will also contribute to virulence. The genome analysis also proved an efficient method for finding four members of the two-component VirR͞VirS regulon that coordinately regulates the pathogenicity of C. perfringens. Clearly, C. perfringens obtains various essential materials from the host by producing several degradative enzymes and toxins, resulting in massive destruction of the host tissues.
C
lostridium perfringens is a Gram-positive anaerobic sporeforming bacterium known to be the most widely distributed pathogen in nature (1) . It is commonly found in the environment (in soil and sewage) and in the intestines of animals and humans as a member of the normal flora (1, 2) . C. perfringens strains are classified into five groups (types A-E) on the basis of their production of four major toxins (known as the alpha-, beta-, epsilon-, and iota-toxins) (1, 3) . Type A strains cause gas gangrene (clostridial myonecrosis) as well as necrotic enteritis and mild diarrhea in humans (2) .
During World War I, it was estimated that hundreds of thousands of soldiers died of gas gangrene as a result of battlefield injuries, and C. perfringens was widely recognized as being the most important causal organism of the disease. After the entry of vegetative cells or spores into the body through an injury, the organisms grow rapidly in the host tissue, producing various toxins and enzymes that cause massive destruction of the host tissues (4) . In the worst case, the infection may lead to systemic toxemia, shock, and death unless prompt antibiotic and surgical treatment is given (4) .
Among the toxigenic clostridial species, including Clostridium tetani, Clostridium botulinum, and Clostridium difficile, C. perfringens is the paradigm species for genetic studies, because of its oxygen tolerance, fast growth rate (8-to 10-min generation time in optimal conditions), and ability to be genetically manipulated (4) . Many of the toxins and enzymes it produces have been studied, and most of their structural genes have been cloned and sequenced (4, 5) . Other approaches, such as physical and genetic mapping, have also been used to elucidate the genomic structures of various C. perfringens strains (6, 7) . Recently, several studies on the genetic regulation of the toxin genes have been reported (8) using the transformable C. perfringens strain 13 (9) . However, understanding of the pathogenicity and physiology of C. perfringens is still poor compared with other well studied pathogenic bacteria.
Here we report the determination and analysis of the C. perfringens genomic sequence, the first Gram-positive anaerobic pathogen to be completely sequenced, to our knowledge. The whole genomic analysis and the comparative study with the genome of nonpathogenic Clostridium acetobutylicum (10) present interesting features of an anaerobic pathogen that will contribute to the understanding of the biology of pathogenic clostridia.
Methods
Genome Sequencing. The whole genomic sequence was obtained from a combination of 52,198 end sequences (giving 9.1 ϫ coverage) from a pUC18 genomic shotgun library, using an M13 universal primer and dye terminator chemistry on Megabase 1000 sequencing machines. Sequence assembly was accomplished by using PHRAP software (P. Green, unpublished data). Gap closure was performed by PCR direct sequencing, using the primers that were constructed to anneal to each end of the neighboring contigs. The neighboring contigs were estimated from the genetic map of the constructed C. perfringens strain 13 (11) . Ten regions that contained genes for ribosomal RNAs were independently cloned from plasmid or phage genomic libraries (12) , and the neighboring sequences were assembled with the contig sequences.
Informatics. The DNA was compared with sequences in the GenBank database by using BLASTN and BLASTX (13) . Transfer RNAs were predicted by tRNAscan-SE (14) . Potential coding sequences (CDSs) were predicted by using the GENOME GAMBLER program with start to stop prediction (15) and GENEHACKER PLUS with Hidden Markov models (16) , and the results were combined. The predicted protein sequences were searched against a nonredundant protein database by using BLASTP and FASTA3 (17) . The protein sorting signal of each ORF was analyzed by a PSORT program (18) . The results of all these analyses were assembled by using the GENOME GAMBLER program and then used to inform a manual annotation of the sequence and predicted proteins. Annotation was based, wherever possible, on characterized proteins or genes. The complete genome sequence and annotation are available (http:͞͞ w3.grt.kyushu-u.ac.jp͞CPE͞).
Comparative Genomics. The genomic sequences of bacteria were collected through the web site of the National Center of Biological Information (NCBI, http:͞͞www.ncbi.nlm.nih.gov). The leading and lagging strands of the genomic sequences were identified by GC skew analysis (19) . The percentage of ORFs on the leading strand of each bacterium was calculated from the protein table deposited in the NCBI web site.
Results
Sequencing and Genome Features. C. perfringens strain 13 is a natural isolate from the soil. It is classified as a type A strain that commonly causes gas gangrene in humans (9) . Some pathological studies have shown that this strain can establish experimental gas gangrene (myonecrosis) in a murine model (4) . Nucleotide sequencing of the genome of strain 13 was performed by using a whole-genome shotgun strategy. A total of 52,198 PCRamplified templates was finally sequenced and assembled into 194 contigs. Eighty-two gaps were subsequently filled by PCR direct sequencing, finally yielding one complete circular chromosome. During the sequencing process, one contig (contig 180) was derived from a 50-kb plasmid, as predicted in the mapping study (11) .
The chromosome of C. perfringens contained a 3,031,430-bp sequence that had a pronouncedly low G ϩ C content (28.6%). We could not find any regions showing significantly higher G ϩ C content, except portions encoding rRNA genes (Fig. 1) . The chromosome has 10 rRNA genes (ref. 12; Fig. 1 ) and 96 species of tRNA genes. The replication origin of the C. perfringens chromosome was designated upstream of dnaA (CPE0001 in our nomenclature) on the basis of the gene distribution of the two strands ( Fig. 1 ) and on the transition point in GC skew analysis (19) . The plasmid (named pCP13) has a 54,310-bp nucleotide sequence, and the overall G ϩ C content of the sequence of pCP13 is 25.5%, which is slightly lower than that of the chromosome.
Annotation of C. perfringens Genes. The chromosome contains 2,660 predicted ORFs that cover 83.1% of the whole chromosomal sequence with an average size of 946 bp, and the plasmid pCP13 contains 63 putative ORFs. We noticed that C. perfringens has a much stronger tendency to arrange genes such that their transcriptional orientation is the same as their replication direction than those observed in Mycoplasma species and Bacillus subtilis (ref. 20 ; Fig. 1) . We compared the tendency among other bacteria whose leading and lagging strands are obviously identified by GC skew analysis on their sequenced genomes. Among many base composition skews, the content of G ϩ A in the leading strands seems to have a correlation with the percentage of ORFs on the leading strands (Fig. 2) . Furthermore, the plots could be divided into two major groups that were well related to Gram-negative and Gram-positive bacteria except for Mycobacterium leprae and Mycobacterium tuberculosis (Fig. 2) . The majority of Gram-positive bacteria have strong tendencies to arrange their genes on the leading strands and to have high G ϩ A content on the leading strands. Among the bacteria tested, C. perfringens is an extreme case together with C. acetobutylicum, in fine contrast to the Gram-negative bacteria Borrelia burgdorferi, whose G ϩ C content (28.6%) is very similar to that of C. perfringens (Fig. 2) .
In the C. perfringens chromosome, we assigned biological roles to 56.1% (1,492) of the ORFs; 18.9% (502) of the ORFs are similar to hypothetical genes of unknown function and 25.2% (666) are unique hypothetical genes with no significant similarities to putative or demonstrated genes in other organisms. All of the function-assigned ORFs were classified into the categories described by Riley and Labedan (21) . There were few mobile genetic elements in the C. perfringens genome: there was 1 27-kb phage remnant that consisted of 37 ORFs (CPE1095 to 1131), and there were 11 transposase genes, 7 of which seem to be intact. Considering that two bacteriophages and three transposase genes exist in the C. acetobutylicum genome (10) , it may be a common feature that the clostridial species have few mobile genetic elements in the chromosome.
We checked the location of the homologous genes in the chromosomes of C. perfringens and C. acetobutylicum (10) to compare the genomic structure of the two species. The C. perfringens genes that showed high homologies to those of C. acetobutylicum were picked up and aligned in the chromosomes of both bacteria (Fig. 3) . The majority of the homologous genes in C. perfringens appear to be located inversely in C. acetobutylicum genome (Fig. 3) , whereas some of the C. perfringens gene clusters exist as the similar gene clusters in C. acetobutylicum (Fig. 3) . It is speculated that the genome backbones of the two species are related to some extent but are still distinct. The repertoires of function-assigned genes in C. perfringens and C. acetobutylicum are very similar, and 732 genes of C. perfringens showed high homology scores (expect ϭ 0 with the FASTA3 program) with those in the C. acetobutylicum genome. Briefly, the genes unique to C. perfringens are those encoding myoinositol catabolism proteins, ␣-and ␤-galactosidases, three extracytoplasmic function (ECF)-type sigma factors, ␣-mannosidase, components for V-type sodium ATP synthase, selenocysteine synthase, and various virulence-associated proteins. C. acetobutylicum has genes encoding chemotaxis͞flagella-related proteins, nitrogen fixation proteins, ␤-mannanase, cellulosomerelated proteins, and many amino acid biosynthesis proteins (hisABDFGHI, leuABCD, thrC, argCJ, glnA, trpABCDF, and ilvDN), which are not present in the C. perfringens genome.
The majority of the ORFs on pCP13 seem to encode proteins of unknown function; 16 ORFs showed similarities to hypothetical proteins from other organisms, and putative function could be assigned to 17 ORFs that had similarity to proteins of other organisms. Among the function-assigned genes in pCP13, we found the genes encoding Soj and ParB proteins involved in the partitioning of the plasmid, the genes for resolvases and type I topoisomerase, a total of five genes for truncated transposases, and many genes for proteins similar to plasmid-or phage-related proteins of other organisms.
Energy Metabolism. As a strict anaerobe, C. perfringens has several features in its energy metabolism pathway as predicted from the genome sequence. C. perfringens has a complete set of enzymes for glycolysis and glycogen metabolism. We could not find any genes coding for tricarboxylic acid (TCA) cycle-or respiratorychain-related proteins, in contrast to C. acetobutylicum, which has incomplete TCA cycle enzymes (10) . Similar to C. acetobutylicum, we could construct a pathway map for anaerobic fermentation resulting in the production of lactate, alcohol, acetate, and butyrate, all of which have been commonly detected in C. perfringens cultures (22) . In the fermentation pathway, pyruvate is converted into acetyl-CoA by pyruvate-ferredoxin oxidoreductase (CPE2061), producing CO 2 gas and reduced ferredoxin. Electrons from the reduced ferredoxin are transferred to protons by hydrogenase (CPE2346), resulting in the formation of hydrogen molecules (H 2 ) that are released from the cell together with CO 2 . This typical production of gases may contribute to the advantages in growth and survival of C. perfringens in host tissues, making a preferred anaerobic environment. Pyruvate is also converted to lactate by lactate dehydrogenase, whereas acetyl-CoA is converted into ethanol, acetate, and butyrate through various enzymatic reactions. This anaerobic glycolysis could be the main energy source for C. perfringens. C. perfringens utilizes a variety of sugars such as fructose, galactose, glycogen, lactose, maltose, mannose, raffinose, starch, and sucrose (22) , and various genes for glycolytic enzymes were found in the genome, such as ␣-galactosidase, ␤-galactosidase, ␣-glucosidase, ␤-glucosidase, ␤-glucuronidase, ␤-fructofranosidase (sucrase), ␣-mannosidase, pullulanase, ␣-amylase, and endo-1,4-beta-xylanase. These enzymes will facilitate the utilization of a variety of sugar compounds by degrading the compounds into simpler sugars that can enter the main glycolytic pathway. We also found fermentation pathways that use serine and threonine. These amino acids are converted to propionate through propionyl-CoA, which results in energy production.
Amino Acid Biosynthesis. In contrast to the variety of sugarutilization enzymes, many genes of the orthologous enzymes required for amino acid biosynthesis are lacking in C. perfringens. Only 45 genes for enzymes in amino acid biosynthesis were identified, in fine contrast to C. acetobutylicum, which has a complete set of genes for amino acid biosynthesis (10) . Many of the genes required for the biosynthesis of arginine, aromatic amino acids, branched-chain amino acids, glutamate, histidine, lysine, methionine, serine, and threonine are absent. These findings imply that C. perfringens cannot grow in the environment where an amino acid supply is limited.
Transporters. C. perfringens has 211 transport-related genes for amino acids, cations͞anions, carbohydrates, and nucleosides͞ nucleotides. Of the transporters, 52 ATP-binding cassette transporter systems (ABC transporters) could be constructed based on the similarities with those from E. coli (23) , B. subtilis (24) , and M. tuberculosis (25) . The transporters could be divided into 26 importers and 26 exporters. Among the ABC importers, we identified three putative importers for amino acids, one oligopeptide importer, and five sugar importers. Other classes of amino acid transporters for branched amino acids, arginine, lysine, glutamate, aspartate, alanine, and spermidine͞putrescine were also identified. As for sugar transporters, sugar-specific enzyme IIs of the phosphotransferase system (PTS) for mannose, glucose, trehalose, fructose, sucrose, and cellobiose were found in the genome along with PTS enzyme I (CPE2357) and the Hpr protein (CPE1669).
Sporulation and Germination. We found 61 genes related to sporulation and germination, which were deduced from similarities with genes from the spore-forming bacteria B. subtilis (26) , in the C. perfringens chromosome (Fig. 1) . However, over 80 sporulation-and germination-related genes found in B. subtilis were absent in C. perfringens. The majority of the key genes encoding sporulation-related sigma factors and other stage-specific sporulation proteins are present, and we could confirm that sporulation can proceed to stage IV if the sporulation is initiated. However, many genes for spore coat proteins and some germination-related proteins are missing in the genome. In addition, the genes for the major phosphorelay system of the Spo0A protein required in the initiation process of sporulation, encoding such proteins as Spo0F, Spo0B, KinA to KinE, and Rap family phosphatases, are also missing in the C. perfringens genome. This feature seems to be common to the clostridial species because C. acetobutylicum also lacks similar orthologs in the genome (10) . These facts suggest that the clostridial species have a unique sporulation process different from Bacillus species.
Extracellular Toxins and Enzymes. When compared with the C. acetobutylicum genome (10), the most distinct feature of the C. perfringens genome is the existence of virulence-related genes. In addition to the known virulence genes, we found many virulenceassociated genes in the C. perfringens chromosome. Five genes that encode putative hemolysins, other than alpha-and thetatoxins, were found, based on their similarity to hemolysins from other bacterial species (Table 1) . We also identified four genes whose products are similar to enterotoxin from the Grampositive pathogen Bacillus cereus (GenBank accession no. AF192766) ( Table 1) . Two types of putative fibronectin-binding protein genes with similarities to those from Listeria monocytogenes (27) and B. subtilis (26) were found (Table 1) , implying their contribution to the pathogenicity of C. perfringens as colonization factors. Among many genes encoding proteinases, the product of CPE0846 had significant homology with that of the Clostridium histolyticum ␣-clostripain gene (28), a cysteine proteinase whose existence has not been identified in C. perfringens.
Unexpectedly, the genome sequence revealed that five hyaluronidase genes are present in C. perfringens (Table 1 ). The products of these genes (designated nagH, nagI, nagJ, nagK, and nagL) differ in length (1,001-1,628 amino acids) ( Table 1) , but their N-terminal amino acid sequences are similar. PSORT analysis (18) revealed that all of the nag genes have putative N-terminal signal sequences, suggesting that they encode secreted enzymes. In addition to the chromosome-encoded virulence factors, we found the cpb2 gene encoding beta2 toxin (PCP17) in plasmid pCP13 (Table 1) , which was identified as a novel virulence factor associated with digestive tract diseases of piglets and horses (29) . We found another virulence-associated gene (PCP57) in pCP13 whose putative product showed similarity to a collagen adhesin (cna) from Staphylococcus aureus ( Table 1 ). The cna gene might be involved in the attachment of C. perfringens cells to collagens in the host tissue and function as a colonization factor.
Interestingly, these virulence-associated genes found in C. perfringens do not form pathogenicity islands at all (Fig. 1) . We searched for mobile genetic elements in the flanking regions of these genes but could not find any insertion sequence-, transposon-, or phage-related sequences. The G ϩ C content of the virulence-related genes was not significantly different from those of other genes. In addition, the GeneHucker scores (16) calculated from the codon usage of the virulence genes were higher than the average score of all other genes in C. perfringens. These data imply that the horizontal transfer of the various virulence genes from other bacteria into the C. perfringens genome is not likely, or was not a recent event.
VirR͞VirS Regulatory System. C. perfringens has 48 genes that are classified into the bacterial two-component signal transduction system (30) , including 28 sensor histidine kinases and 20 response regulators. Although little is known about the twocomponent systems in C. perfringens, the VirR͞VirS regulatory system has been characterized only as regulating the expression of certain toxins (alpha-, kappa-, and theta-toxins) and proteins at the level of transcription (31) (32) (33) (34) . Because the response regulator protein VirR has been reported to bind to a repeated DNA sequence located upstream of the promoter of the thetatoxin gene (35), we tried to search for the VirR-binding sequence in the genome and found four previously unidentified putative VirR-binding sites (Fig. 4) . One of these is located in the 5Ј region of the hyp7 gene (CPE0957), which has been proven to be a member of the VirR͞VirS regulon and to be a positive regulator for alpha-and kappa-toxin genes (32) . Other VirRbinding motifs were found in regions adjacent to the genes for two hypothetical proteins (CPE0845 and CPE0920) and the newly found virulence factor, ␣-clostripain (Fig. 4) . A comparison of the VirR-binding motifs revealed a consensus sequence, CCAnTT(n ϭ 15)CCAGTT(n ϭ 3)Cac, for a possible VirRbinding site (Fig. 4) .
Discussion
The complete genomic sequence of C. perfringens and the comparison with C. acetobutylicum genome reveal interesting features of this organism. C. perfringens has the highest tendency to arrange the genes on the leading strands ( Fig. 1) , which seems to be highly related to having the highest G ϩ A content of the leading strands. This relationship seems to be common to other Gram-positive bacteria (Fig. 2) . It is obvious that an excess of purines on the coding strands is a universal feature of genes in all bacteria, as proposed (20) . However, the extent of the purine excess and gene arrangement on the leading strands seems to be different among Gram-positive and Gram-negative bacteria (Fig. 2) , and Gram-positive bacteria show higher tendencies. However, M. leprae and M. tuberculosis, which are classified as Gram-positive bacteria, showed similar tendencies with Gramnegative bacteria (Fig. 2) . Although the reason for this finding is unclear, their pronounced high G ϩ C contents compared with those of other Gram-positive bacteria may result in a gene arrangement close to those of Gram-negative bacteria. The difference in strand compositional asymmetry may affect the overall gene expression of bacteria, because the orientation of highly expressed genes is arranged to be the same as their replication direction (20) . Further analysis, including more extensive comparative studies of other not yet sequenced bacteria, will be required to elucidate the difference in their genetic backgrounds and the significance of the strand compositional asymmetry. The genome information of C. perfringens and the comparison with C. acetobutylicum genome present us with a clear picture about its way of life as a pathogen. In an environment such as in soil, C. perfringens may not grow and survive in spore form. When the organism enters into human tissues through an injury and the preferred anaerobic environment is once established, it grows rapidly, using various host materials. C. perfringens can degrade large sugar compounds into simpler sugars by using various saccharolytic enzymes, and the resulting sugar is efficiently imported into the cells, where it is finally fermented by the anaerobic glycolysis pathway to generate energy and abundant gas. The anaerobic atmosphere will be enhanced by the production of gas, making the environment more suitable for C. perfringens. Five species of secreted hyaluronidases will facilitate the degradation of polysaccharides such as hyaluronic acid and chondroitin sulfate and help the organism to spread into deeper tissues. Hyaluronidase has been referred to as a spreading factor that decreases viscosity of ground substance in the connective tissue (36) , and the variation in the C-terminal sequences of the hyaluronidases may represent their substrate specificities against various host polysaccharides.
Sialidases will also contribute to the degrading of sialic acid from host tissues and cells. The cytolytic toxins, including alpha-toxin, theta-toxin, and putative enterotoxins, may destroy the host cells to release various materials. The released proteins and host structural proteins are degraded by proteinases such as ␣-clostripain and collagenase. The resulting amino acids and͞or peptides are efficiently imported into C. perfringens cells via various transporters, which is essential for the organism to synthesize proteins because of the lack of many enzymes for amino acid biosynthesis. Thus, C. perfringens actively degrades and imports various materials from the host tissues to grow and survive in the host, which in turn causes massive destruction of the host tissues and severe myonecrotic lesion. C. perfringens produces various toxins͞enzymes during its early growth stage (early-to mid-exponential phase) (3), in contrast to many toxigenic pathogens that commonly produce toxins during the stationary phase (37) . It is reasonable to assume that C. perfringens needs to quickly synthesize the degradative toxins͞enzymes to gain nutritional sources efficiently through the degradation of the host material. Hence, the pathogenicity and nutritional acquisition must be highly coupled in C. perfringens infection, and this unique nutritional feature would be a possible target for the inhibition of growth and prevention of C. perfringens infection.
To date, the VirR͞VirS system is the only two-component system known to regulate the transcription of many toxin genes and to contribute to the pathogenicity of C. perfringens (4, 8) . Several genes are regulated by the VirR͞VirS system, including genes for alpha-toxin (plc), theta-toxin (pfoA), kappa-toxin (colA), 2Ј,3Ј-cyclic nucleotide phosphodiesterase (cpd), protein tyrosine phosphatase (ptp), hypothetical 7-kDa protein (hyp7), cysteine synthase (cysK), and cystathionine gammasynthase (metB) (31, 32) . The search for the VirR-binding motif on the whole genomic sequence revealed that five genes have the consensus sequences to which the VirR protein may directly bind. This implies that the five genes including pfoA and hyp7 are directly regulated but that other genes are indirectly regulated by the VirR͞VirS system. Because the hyp7 gene is thought to be a secondary transcriptional regulator mediating the signal from VirR͞VirS to plc and colA (32) , similar regulatory cascades might exist in C. perfringens to regulate other VirR͞VirS-regulated genes. Further analysis of the genes found to have VirR-binding sites is required to elucidate the regulatory network of the VirR͞VirS regulon, which develops effective strategies to overcome the lifethreatening infection of C. perfringens.
There remain more questions than answers regarding the genetics and molecular biology of C. perfringens. Knowing and understanding all of the genomic information about C. perfringens will, with no doubt, open the door widely to future detailed studies on the pathogenicity and biology of this anaerobic pathogen and other pathogenic clostridia whose genomes are currently sequenced.
